Introduction {#s1}
============

Infectious keratoconjunctivitis (IKC) is regarded as one of the most common transmissible ocular diseases in ruminants worldwide, with numerous examples of domestic and wild susceptible species and a great variety of causative and presumably causative agents reported ([@B1]--[@B10]). IKC has been reported from the Fennoscandian herds of semi-domesticated Eurasian tundra reindeer (*Rangifer tarandus tarandus*) for more than 100 years ([@B11]), and nowadays is a rather common disease ([@B12]), appearing as individual cases or in outbreaks ([@B13], [@B14]). IKC in reindeer has been described as multifactorial and a variety of microorganisms have been identified in animals with clinical signs of the disease, including bacteria from the family *Chlamydiaceae, Moraxella bovoculi*, and *Mycoplasma conjunctivae*, and viruses, such as cervid herpesvirus 2 (CvHV2) and pestivirus ([@B14], [@B15]). CvHV2 and *M. bovoculi* were recently suggested as possible primary causative agents of the disease ([@B14], [@B15]) and the ability of CvHV2 as the primary causative agent of IKC in reindeer was demonstrated in an experimental inoculation experiment ([@B16]). However, other microorganisms are likely involved in the development of the disease in reindeer, but their role remains unclear.

Bacteria of the family *Chlamydiaceae* are widely distributed and highly prevalent in humans and animals, being the cause of ocular, reproductive, respiratory, and urinary tract diseases, and some of them representing zoonotic threats ([@B17]--[@B19]). The classification of this family was revised based on ribosomal RNA and divided it in two different genera, *Chlamydia* and *Chlamydophila* ([@B20]). However, a reversion of this taxonomic division has been recently proposed, with all species being included again in the genus *Chlamydia* ([@B21], [@B22]). Even though bacteria belonging to this family have not been described as causative agents of IKC in reindeer, several species of this obligate intracellular gram-negative bacteria have been linked to ocular disease in domestic sheep (*Ovis aries*) and goat (*Capra aegagrus hircus*) ([@B4], [@B23]--[@B25]), riverine buffalo (*Bubalus bubali*) ([@B24]), big horn sheep (*Ovis canadensis*) ([@B8]), red deer (*Cervus elaphus*) ([@B7], [@B26]), cat (*Felis silvestris*) ([@B27], [@B28]), koala (*Phascolarctos cinereus*) ([@B29], [@B30]), or guinea pig ([@B31]). Chlamydial keratoconjunctivitis in ruminants is, in the early stages, characterized by bilateral epiphora, chemosis, and conjunctival hyperemia, progressing to prominent conjunctival follicle formation and corneal neovascularization ([@B32]).

The aim of this study was to conduct a clinical investigation of semi-domesticated Eurasian tundra reindeer during an outbreak of IKC, to conduct relevant treatment of affected animals and to identify potential pathogens contributing to the development and spread of the disease.

Materials and Methods {#s2}
=====================

Ethics Statement
----------------

No specific ethical permissions were required for this study. Sampling of the animals was conducted during clinical evaluation and for medical reasons with the objective of determining the cause of the clinical outbreak prior to treatment, with the approval of and in collaboration with the reindeer herders.

Summary of the Outbreak (2014-2017)
-----------------------------------

The herders of a reindeer flock located at Östra Kikkejaure (Norrbotten county, Sweden) reported annual winter outbreaks of IKC during 2014-2017. The onset of outbreaks was associated with typical herding procedures, such as transport of animals between seasonal pastures, sorting, and selection of slaughter animals and marking of calves, during which the animals were herded into a fenced area for easier manipulation and control. For the outbreak during the winter 2016-2017, which will be described and addressed in detail in this study, the first few animals with clinical signs were spotted in November 2016, segregated from the main herd, which consisted of \~3000 reindeer, and examined. In February 2017, a few weeks after \~500 semi-domesticated reindeer were corralled for supplementary feeding with pelleted reindeer food, animals displaying early signs of infection were again spotted by the herders and segregated from the corralled flock. Upon clinical examination of affected animals, it was possible to identify the typical clinical signs of IKC, i.e., increased lacrimation ([Figure 1A](#F1){ref-type="fig"}), follicular conjunctivitis ([Figure 1B](#F1){ref-type="fig"}), purulent secretions around the affected eyes ([Figure 1C](#F1){ref-type="fig"}) and corneal edema which was visible as a bluish, opaque coloration of the cornea ([Figure 1D](#F1){ref-type="fig"}). Affected animals were sampled and treated, if needed.

![Clinical signs of infectious keratoconjunctivitis in semi-domesticated Eurasian tundra reindeer (*Rangifer t. tarandus*) observed during the clinical evaluation and sampling of animals in March 2017 in Östra Kikkejaure, Sweden. Animals displayed unilateral or bilateral increased lacrimation and ocular discharge shown as discoloration of the fur **(A)**, follicular conjunctivitis **(B)**, purulent secretions from the affected eyes **(C)**, and/or corneal edema, visible as an opaque cornea with a bluish coloration **(D)**.](fvets-06-00014-g0001){#F1}

Sampling
--------

During the first clinical examination, on November 16th 2016, animals displaying clinical signs of IKC were isolated from the rest of the herd in a fenced area. They were physically restrained and subjected to a clinical examination, including examination of the eyes with an ophthalmoscope and a fluorescein test, to identify corneal ulcers. A blood sample was obtained, and affected eyes were sampled by gently rubbing an eSwab (COPAN Italia S.p.A., Brescia, Italy) over the mucosal membrane of the conjunctival fornix.

The outbreak of IKC continued during the winter months and new veterinary investigations and sampling were carried out on March 1st and March 6th 2017, of 30 animals with IKC and one with no clinical symptoms ([Table 1](#T1){ref-type="table"}). The animals were again subjected to an ophthalmological investigation and sampled as described above. Animals diagnosed with IKC were treated with a subcutaneous injection of the long-acting antibiotic gamithromycin (150 mg/25 kg; Zactran®, Merial/Boehringer Ingelheim, Ingelheim am Rhein, Germany). The severity of IKC was classified as mild to moderate for animals with increased lacrimation, conjunctivitis and/or pus-like secretions, or severe if the animals displayed corneal opacity, corneal ulcer and/or severe panophthalmitis. Seventeen cases were defined as unilateral IKC and 13 cases as bilateral IKC. The affected animals ranged in age from calves of the year (\~10-months-old) to \~4-year-old animals.

###### 

Semi-domesticated reindeer investigated during the 2014 and 2016/2017 infectious keratoconjunctivitis outbreaks in Östra Kikkejaure.

  **Date of sampling**                      ***n***   **Ocular clinical signs**   ***Chlamydiaceae* PCR**   **Cervid herpesvirus 2**                                 
  ----------------------------------------- --------- --------------------------- ------------------------- -------------------------- -------------- -------------- ---------------
  02.2014[^a^](#TN1){ref-type="table-fn"}   32        2                           6                         24                         --             6/8 (75.0%)    23/24 (95.8%)
  11.2016                                   28        --                          --                        28                         --             --             20/28 (71.4%)
  01.03.17                                  6         --                          6                         --                         6/6 (100%)     0/6 (0%)       --
  06.03.17                                  25        1                           24                        --                         25/25 (100%)   4/25 (16.0%)   10/25 (40.0%)
  22.03.17                                  7         7                           --                        --                         0/7 (0%)       0/7 (0%)       --
  27.06.17                                  9         9                           --                        --                         0/9 (0%)       --             --

*Semi-domesticated reindeer investigated (n) by Taqman-based real-time PCR for the presence of Chlamydiaceae (n = 47) and cervid herpesvirus 2 (CvHV2) DNA (n = 46) and by enzyme-linked immunosorbent assay (Serology) (n = 77) for antibodies against alphaherpesvirus in Östra Kikkejaure during the IKC outbreaks of 2014 and 2016/2017. Data presented as Percentage (positive/tested)*.

*Data obtained from Sánchez Romano et al. ([@B15])*.

A follow up examination was performed on March 22nd. Seven of the animals investigated early in March were again sampled as previously described, and a second follow up examination was performed on June 27th, during which nine reindeer were examined and sampled.

Blood was sampled from the jugular vein with a vacutainer blood collection system (BD Vacutainer®; BD, Plymouth, UK), using tubes for full blood (serum) and tubes with K2 EDTA as anti-coagulant (plasma and white blood cells, buffy coat), and venoject needles (Terumo, Leuven, Belgium). Blood tubes were centrifuged at 3,500 rpm for 10 min and serum, plasma and buffy coat were collected and stored at −20°C.

For molecular investigations, swab samples were obtained by gently rubbing a swab (4N6 FLOQswabs® genetics; COPAN Italia S.p.A., Brescia, Italy) in the conjunctival fornix and placing the swab in a 1.8 ml cryotube with 800 μl of Eagle\'s minimum essential medium (EMEM), with antibiotics in final concentrations of 100 IU/ml of penicillin, 100 μg/ml of streptomycin, 50 μg/ml of gentamicin, and 2.5 μg/ml of amphotericin B, and stored at −80°C until further analysis.

For bacteriological investigations, a swab sample for collection and preservation of aerobic, anaerobic and fastidious bacteria (eSwab; COPAN Italia S.p.A., Brescia, Italy) was obtained from the conjunctival fornix, placed in its transport medium container and stored at 4°C until processed in the laboratory.

Molecular Investigations
------------------------

DNA was extracted from conjunctival swab samples (4N6 FLOQSwabs) with Maxwell 16® Buccal Swab LEV DNA purification kit (Promega, Madison, WI, USA), with slight modifications of the manufacturer\'s protocol. In summary, 300 μl of the swab storage media mixed with 30 μl Proteinase K and 300 μl Lysis buffer were incubated at 56°C for 20 min. Subsequently, 350 μl of the lysated mixture were added to the well \#1 of the Maxwell® 16 LEV cartridge, which was then processed as indicated by the manufacturer.

### *Chlamydiaceae* Real-Time PCR

DNA samples from one eye of 14 animals, and both eyes of 23 other animals (*n* = 60) displaying clinical signs of IKC were analyzed (National Veterinary Institute SVA, Sweden) by a TaqMan real-time PCR specific for members of the family *Chlamydiaceae*, targeting the 23S rRNA operon ([@B33]). The cut-off value, i.e. PCR cycle number above which a threshold cycle (C~t~) value is considered a false positive, was set at C~t~ \> 38, with samples with a C~t~ below that being considered positive for the presence of *Chlamydiaceae* DNA. Eye swab samples from 17 asymptomatic reindeer were also analyzed (*n* = 21). As a positive control a stock of untyped *Chlamydiaceae* DNA derived from a clinical specimen was used according to the standard procedures at the molecular diagnostics division at SVA.

### Cervid Herpesvirus 2 Real-Time PCR

A real-time Taqman Probe-based PCR, amplifying a 95 bp region of the *UL27* gene was performed as described previously ([@B34]) with slight modifications ([@B16]). Sixty-nine DNA samples extracted from eye swabs of 45 animals were run in duplicates, together with a positive control (CvHV2 DNA), non-template control (tissue from reindeer not exposed to CvHV2) and a negative control (water).

### 16S rRNA Gene Library Preparation and NGS Amplicon Sequencing

Libraries of a ca 460 nt long amplicon carrying the variable V3 and V4 regions of the 16S ribosomal RNA gene were obtained according to the protocol 16S Metagenomic Sequencing Library Preparation (Rev.B) recommended and applied for the Illumina MiSeq System (Illumina Inc, San Diego). The amplicon libraries were combined at equimolar concentrations, spiked with 5% PhiX control (Illumina Inc, San Diego), denatured and loaded on a MiSeq flow cell and sequenced with a 600 cycles reagent kit v3 (Illumina Inc, San Diego) in paired-end sequencing runs.

### 16s rRNA NGS Data Analysis

The MiSeq amplicon sequencing data were analyzed with the 16S amplicon data dedicated pipeline in the microbial genomics plugin module (version 2.5.1) of the CLC genomics workbench (version 11). The reads were trimmed based on a Phred quality score lower limit of 13 (i.e., 5% error probability) and adapter sequences were removed. The Paired end reads were merged and verified to be of identical length before operational taxonomical unit clustering using the SILVA OTU 16S database v. 123 with 97% as required similarity for assignment ([@B35]). Sequence data can be accessed with the accession number [PRJNA512530](PRJNA512530).

### *Chlamydia* Phylogeny

The maximum likelihood method was used for creating a phylogenetic tree using the UPMGA method for creating a starting tree and the HKY five-parameter nucleotide substitution model was used for estimating relationships using the CLC genomics workbench algorithm in the slow and very accurate modes. Discontinuous BLASTn were carried against the nt-database.

Serology
--------

Twenty-five serum samples obtained from the fenced reindeer (March 2017) and 28 serum samples previously collected from animals in the same herd were tested for the presence of antibodies against alphaherpesvirus with a commercial BoHV1 blocking enzyme-linked immunosorbent assay (bELISA) kit (LSI, Lissieu, France) previously validated for the testing of reindeer serum samples for CvHV2 specific antibodies ([@B36]). Positive and negative controls for cattle provided in the bELISA kit and for reindeer ([@B36]) were included on each plate.

Bacteriological Investigations
------------------------------

eSwab samples obtained from the conjunctiva of 41 reindeer, 24 with and 17 without clinical signs of IKC, were remitted to the Swedish National Veterinary Institute (SVA) for routine general aerobic bacteriological diagnostics. Colonies of interest were subcultured for purity and typed with MALDI-TOF mass spectrometry.

Results {#s3}
=======

Molecular Investigations ([Table 1](#T1){ref-type="table"})
-----------------------------------------------------------

All but one swab samples from IKC affected reindeer investigated for the presence of *Chlamydiaceae* DNA were positive (98.3%, *n* = 60). In contrast, it was only possible to identify *Chlamydiaceae* DNA in two eye swabs (*n* = 21) obtained from one of the 17 animals without clinical signs of the disease (9.5%, *n* = 21). Positive swabs from reindeer without clinical signs of IKC were obtained from an animal in direct contact with affected reindeer, while animals sampled later during the outbreak (3 weeks and 3.5 months) and were all negative for the presence of *Chlamydiaceae* DNA.

CvHV2-specific DNA (real-time PCR) was detected in the eye swabs of four reindeer with clinical signs of IKC (10.8%, *n* = 37) and in none of the animals without clinical signs of the disease (0%, *n* = 8).

### 16S rRNA Gene and Nucleotide Sequencing

Samples from 10 animals from 2017 and four animals from 2014 where investigated by high-throughput amplicon sequencing, by pooling the DNA samples in pairs, including six pools in which samples from both eyes of a single animal were pooled together, and six pools in which one sample from two animals were pooled together. All pools except two were found to contain *Chlamydiaceae* DNA ([Figure 2](#F2){ref-type="fig"}). Comparison with SILVA database v123 using the CLC genomics workbench revealed that the most similar sequence was *Chlamydia pecorum*. In addition, all samples contained an identical dominating *Chlamydia* sequence variant. When this sequence was analyzed using discontinuous BLASTn against the nt-database, the assignment to *Chlamydia pecorum* was confirmed ([Figure 3](#F3){ref-type="fig"}).

![The bacterial populations derived from 16S rRNA sequence classification for the indicated eye swab pools. The populations are displayed aggregated and colored at the taxonomic class and phylum levels, respectively.](fvets-06-00014-g0002){#F2}

![A maximum likelihood phylogenetic tree based on alignment of a 427 nucleotides segment of the 16S rRNA gene V3 and V4 variable regions was inferred using the HKY model of sequence evolution. Bootstrap support values \> 50 percent obtained from 1,000 replications are indicated next to the relevant nodes. Sequences for the reference *Chlamydia* species obtained by discontinuous BLASTn searches against the NCBI GenBank database were aligned with the reindeer *Chlamydia* 16S rRNA gene sequence generated in this study, using the CLC genomics workbench algorithm in the slow and very accurate mode. The P787 (CP004035.1) and W73 (CP004034.1) *C. pecorum* strains, both isolated from sheep, are identical to the *C. pecorum* reindeer identified from six DNA pools of 12 animals with clinical signs of IKC in this study, across the gene regions characterized.](fvets-06-00014-g0003){#F3}

Serology ([Table 1](#T1){ref-type="table"})
-------------------------------------------

Overall CvHV2 seroprevalence during the 2016/2017 outbreak was 56.6% (*n* = 53). From animals in which the clinical signs were registered (*n* = 25), 41.7% of clinically affected animals (*n* = 24), and none of the animals that were not clinically affected (0%, *n* = 1) were seropositive. All adults (100%, *n* = 3) were seropositive, while for calves the seroprevalence was 31.8% (*n* = 22).

Bacteriological Cultivation
---------------------------

Of the 41 reindeer sampled for bacteriology, it was possible to cultivate bacteria of different species from the conjunctiva of 32 animals, from which 20 displayed clinical signs of IKC, and 12 did not show any signs of the disease ([Table 2](#T2){ref-type="table"}). Beta-haemolytic *Moraxella bovoculi* colonies were isolated from seven of the 20 animals showing clinical signs of IKC (35.0%) and from one out of 12 with no such signs (8.3%) in pure culture. Furthermore, *M. bovoculi* was isolated from two additional animals with clinical signs of IKC in mixed culture with *Staphylococcus* sp. and *Klebsiella oxytoca* (2/20, 10.0%).

###### 

Bacteria isolated from the eyes of semi-domesticated reindeer during the 2016-2017 infectious keratoconjunctivitis outbreak.

  **Bacterial species**                  **n**   **IKC +**      **IKC --**
  -------------------------------------- ------- -------------- --------------
  *Moraxella bovoculi*                   8       7/20 (35.0%)   1/12 (8.3%)
  *M. bovoculi* + *Staphylococcus* sp.   1       1/20 (5.0%)    0/12 (0%)
  *M. bovoculi* + *Klebsiella oxytoca*   1       1/20 (5.0%)    0/12 (0%)
  *Staphylococcus* sp.                   1       1/20 (5.0%)    0/12 (0%)
  *Escherichia coli*                     1       1/20 (5.0%)    0/12 (0%)
  *Acinetobacter baumanii*               1       1/20 (5.0%)    0/12 (0%)
  *Pseudomonas fulva*                    3       0/20 (0%)      3/12 (25.0%)
  *Staphylococcus aureus*                2       0/20 (0%)      2/12 (16.7%)
  *Klebsiella oxytoca*                   1       0/20 (0%)      1/12 (8.3%)
  Mixture of bacteria (unidentified)     13      8/20 (40.0%)   5/12 (41.7%)
  Total                                  32      20             12

*Number of swabs from the eyes of semi-domesticated Eurasian tundra reindeer (Rangifer tarandus tarandus) (n) with (IKC +) and without (IKC --) clinical signs of infectious keratoconjunctivitis from which bacteria were isolated. Data presented as Percentage (positive/tested)*.

Discussion {#s4}
==========

Aside from the presence of follicular conjunctivitis, the clinical signs and the development of the outbreak of IKC in semi-domesticated reindeer reported here are concordant with previous descriptions ([@B11], [@B13], [@B14], [@B37]), and with IKC outbreaks in the same area reported in the 1970s ([@B38]).

However, follicular conjunctivitis was the most dominant and characteristic sign during the 2016/2017 outbreak. While follicular conjunctivitis has been described as one of the characteristic clinical signs in herpesvirus conjunctivitis caused by feline herpesvirus 1 in cats ([@B39], [@B40]), herpes simplex virus in humans ([@B41], [@B42]), and equine herpesvirus 2 in horses ([@B43]), it is also a characteristic feature of chlamydial conjunctivitis caused by *Chlamydia psittaci, Chlamydia pneumoniae, Chlamydia felis*, or *Chlamydia caviae* ([@B31], [@B42], [@B44], [@B45]).

The control of the outbreak, by treatment of the animals with macrolides, together with the ubiquitous detection of *Chlamydiaceae*-specific DNA in 59 out of 60 swab samples obtained from the eyes of affected animals (98.3%), suggested a member of this family were involved in the development of the clinical signs during this outbreak. This finding was also supported by the absence of DNA of these bacteria in the ocular swabs from animals after treatment with antibiotics and recovery from the disease (0%, *n* = 16). The 16S ribosomal RNA sequence characterization of at least six of the animals indicated the presence of *C. pecorum* as the dominant *Chlamydiaceae* species during the outbreak. To our knowledge, this is the first report of *C. pecorum* being involved in an IKC outbreak in semi-domesticated reindeer. Even though bacteria of this family were previously identified in reindeer with clinical signs of IKC, no association between the presence of these bacteria and the presence of clinical signs of IKC has previously been established ([@B15]).

CvHV2 seroprevalence (57.7%, *n* = 52) indicated that the virus is enzootic in reindeer in this region, as described for other reindeer and caribou populations ([@B46]--[@B49]).

It has been reported that the replication and copy numbers of CvHV2 during an active infection in the conjunctival mucosa of a reindeer may cease as the mucosal cell lining is destroyed and the severity of the secondary bacterial infections increase ([@B14]). This could also be the case in the 2016/2017 outbreak of IKC in Kikkejaure. During the first recorded IKC outbreak in this herd (2014) the seroprevalence of CvHV2 was 95.8% ([Table 1](#T1){ref-type="table"}) and CvHV2 DNA was detected in all ocular swabs obtained from IKC affected animals (100%, *n* = 6) ([@B15]). In contrast, during the IKC outbreak in the same herd that was investigated in November 2016 and March 2017, demonstrated a low prevalence of CvHV2 DNA in eye swabs (5.8%, *n* = 69), whereas the seroprevalence was 56.6% (*n* = 53). The high seroprevalence (CvHV2) and prevalence of CvHV2 DNA in ocular swabs in 2014 and the high seroprevalence during the 2016/2017 outbreak suggest that we cannot discard the virus as the initial trigger of the IKC outbreaks in this herd, possibly becoming less dominant and less important for the spread of IKC once the chlamydial infection took over. Further, the seroprevalence of CvHV2 in calves (31.8%, *n* = 22) was significantly higher than the 4--15% previously reported in semi-domesticated reindeer calves ([@B49]--[@B52]), suggesting that an active CvHV2 infection was circulating within the herd.

Previous serological screenings with seroprevalences of 21.6 and 30.8% suggested that chlamydial infections are present in semi-domesticated reindeer in Fennoscandia, but the low number of animals investigated (*n* = 291 and *n* = 26) and the lack of clinical signs associated to the infection made it difficult to determine if this pathogen is enzootic in reindeer in this region or if it is sporadically transmitted from other hosts ([@B53], [@B54]).

*Chlamydia abortus* and *C. psittaci* are the main zoonotic chlamydial species, causing severe symptomatology when infecting humans, i.e., septic infection and abortions, respiratory infections and pneumonia, myocarditis and encephalitis ([@B18], [@B55]). However, zoonotic chlamydial conjunctivitis with cat origin (*C. felis*) have been reported ([@B44], [@B56]), and little is known about the zoonotic potential of the other species of *Chlamydiaceae* ([@B18]). Because of this, the zoonotic potential of the reindeer strain of *C. pecorum* involved in this IKC outbreak should not be ignored, and preventive measures while working with affected animals should be taken into consideration. With this information in mind, further research will aim to genotype the strain identified in this study in order to evaluate its pathogenic potential.

The presence of *M. bovoculi* in the eyes of 10 animals was in line with previous reports ([@B14], [@B15]), and these findings strengthens the position of this bacterium as an opportunistic ocular pathogen in reindeer. Dickey et al. ([@B57]) described large genomic differences between isolates of *M. bovoculi* from cattle, suggesting that some strains may be commensal bacteria of the ruminant nasopharynx, while others may have an increased potential to cause keratoconjunctivitis. Until further characterization of the pathogenicity of the *M. bovoculi* isolates from reindeer, we cannot exclude the importance of *M. bovoculi* in the development of clinical cases of IKC in semi-domesticated reindeer.

From the eye swabs of 13 of the investigated animals (40.6%, *n* = 32), it was not possible to identify a dominant bacterial species, a result that matched previously reported bacteriological investigations in reindeer ([@B14], [@B15]). The mixture of bacterial species isolated in the eyes of reindeer during this outbreak, such as *Pseudomonas fulva, Staphylococcus* sp., and *Klebsiella oxytoca*, were most probably due to contamination of the eyes with bacteria from the skin or the environment, and do not seem to represent specific pathogens that are associated with the presence or absence of the disease.

Infectious keratoconjunctivitis outbreaks are often linked with the gathering and corralling of animals in high densities ([@B13], [@B14], [@B58], [@B59]). The outbreaks reported here are not an exception. In this case the gathering of animals at the end of autumn may have created the "perfect storm": the stress of the animals leading to their immunosuppression that, together with the high density of animals and a population of naïve individuals, may contribute to the transmission of pathogens and establishment of the disease.

Due to the multifactorial nature of the disease, there is no specific treatment for IKC in reindeer, and while the recommendation is to recognize the early signs of the disease, isolate the affected animals and seek veterinary help, most herders slaughter the animals as soon as the disease is detected so that the meat can be used for consumption ([@B12]). During the outbreak 2016/2017, the early detection of *Chlamydiaceae* after the veterinary diagnosis in February, helped to choose the appropriate antimicrobial treatment. Tetracyclines, macrolides and quinolones are the antibiotics of choice for treatment of chlamydial infections in human and veterinary medicine ([@B60]). The special characteristics of reindeer herding and the challenge of conducting repeated medical treatment contributed to choosing a long-acting macrolide. All treated animals recovered from the disease and it was not possible to detect DNA specific for *Chlamydiaceae* in nine animals that were treated with antibiotics, recovered and were sampled 3 months after the initial treatment (0%, *n* = 12), which suggests a complete elimination of the chlamydial infection and not only a temporary reduction of the chlamydial load as it may happen when short-term antimicrobial therapies are used ([@B61], [@B62]).

Conclusions {#s5}
===========

The clinical signs reported during this outbreak of IKC in reindeer were indistinguishable from previous reports of IKC in reindeer, which underlines the difficulties of diagnosing the causative agent of an outbreak solely based on clinical observations.

To our knowledge, this is the first report of *Chlamydiaceae* being involved in a clinical outbreak of IKC in reindeer. This is also the first time *C. pecorum* has been reported in semi-domesticated reindeer. Even though *Chlamydiaceae* DNA was detected in all the animals with clinical signs of IKC, further investigations are necessary in order to clarify the role of these bacteria in the development of IKC in reindeer, and whether they may act as a transmissible and causative agent of IKC.

The chlamydial species identified during the outbreak, *C. pecorum*, may be transmitted to other species, and reindeer herders, veterinarians, and other people working with infected semi-domesticated reindeer should comply with preventive measures while working with affected animals to avoid exposure to this pathogen and the infection of other susceptible species in the area, such as other cervid species or sheep. If properly diagnosed, chlamydial keratoconjunctivitis in semi-domesticated reindeer can be treated with macrolides, leading to a complete recovery of infected animals in early stages of the disease.

Author Contributions {#s6}
====================

JS conducted the CvHV2 analyses, organized the dataset, and wrote the first draft of the manuscript. MT and UR secured funding for the study and organized the sampling. MT, UR, and JS contributed to the sampling of animals. ML, ÅH, and TJ conducted the bacteriology and *Chlamydiaceae* analyses. All authors contributed to the writing and accepted the final version of the manuscript.

Conflict of Interest Statement
------------------------------

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

We would like to thank the reindeer herders for their patience and help while working with the animals, the work of Ellinor Hareide and Eva Marie Breines in the laboratory and Emily E. Magnuson for her help during the sampling procedures.

**Funding.** This research was funded by Gård & Djurhälsan (Sweden) and the Reindeer Husbandry Development Fund (Reindriftens Utviklingsfond -- RUF). The publication charges for this article have been funded by a grant from the publication fund of UiT The Arctic University of Norway.

[^1]: Edited by: Armanda Bastos, University of Pretoria, South Africa

[^2]: Reviewed by: Nick Wheelhouse, Edinburgh Napier University, United Kingdom; Martina Jelocnik, University of the Sunshine Coast, Australia

[^3]: This article was submitted to Veterinary Infectious Diseases, a section of the journal Frontiers in Veterinary Science
